Elucidating the molecular mechanisms that created ancient complex traits like insect wings is difficult. Fortunately, some complex traits have arisen recently. For example, hermaphroditic reproduction evolved independently many times during recent nematode evolution [1] [2] [3] . Although C. elegans hermaphrodites require fog-2 [4] , which encodes an F box protein that regulates the translation of tra-2 mRNAs [5, 6] , the related species C. briggsae lacks fog-2 [7] . We identified a critical regulator of hermaphrodite development in C. briggsae, named she-1. Analysis of double mutants indicates that she-1 acts upstream of tra-2 in C. briggsae, just as fog-2 does in C. elegans. Molecular cloning shows that she-1 encodes a novel F box protein that was created by a recent gene duplication. Whereas FOG-2 acts through GLD-1 in C. elegans, SHE-1 does not bind GLD-1 in C. briggsae. Thus, both species recruited F box genes produced by recent duplication events into the sex-determination pathway to control hermaphrodite development, but these genes have distinct activities. This result implies that some gene families are more likely to give rise to novel regulatory genes than other families. Finally, we note that null mutations of she-1 are temperature sensitive, so C. briggsae might once have been a facultative hermaphrodite.
Results and Discussion
she-1 Controls Spermatogenesis in C. briggsae Hermaphrodites To identify genes that control hermaphrodite development in C. briggsae, we screened for mutations that transform XX hermaphrodites into females (see Figure S1A available online). From approximately 20,000 haploid genomes, we isolated 1 dominant and 14 recessive mutations. Only the v35, v49, v51, and v83 mutations affected hermaphrodites but not males. These mutations were recessive and did not complement, so they define a new gene: she-1, for spermless hermaphrodites.
All four she-1 alleles were temperature-sensitive: XX homozygotes were self-sterile at 25 C, but some were self-fertile at 15 C (Table S1 ). This temperature sensitivity could be a property of she-1 itself or could indicate that these alleles caused only a partial loss of function. To attempt to isolate null alleles, we performed a noncomplementation screen with she-1(v35) and isolated v53 and vDf2, which were also temperature sensitive ( Figure S1B ). Based on these results and molecular data (see below), these alleles define the null phenotype of she-1.
At 25
C, she-1 XX animals were self-sterile but produced progeny when crossed with males. Nomarski optics confirmed that each mutant produced oocytes but not spermatocytes ( Figures 1A and 1C ). Because they did not ovulate until mating, it seemed unlikely that they produced major sperm protein (MSP), which stimulates ovulation [8] , and we confirmed its absence by western blot (data not shown). Not only did XX she-1 mutants fail to produce sperm, their first differentiated germ cells became oocytes at 25 C rather than undergoing cell death or failing to differentiate (n = 105). However, at 20 C, rare animals produced a few undifferentiated germ cells prior to oogenesis (Table S1 ).
Although she-1 XX animals developed as females, the XO animals developed as normal males ( Figures 1B and 1D ), although some individuals switched to oogenesis late in life (Supplemental Experimental Procedures). The males mated efficiently and sired large broods, so she-1 mutants could be maintained as male/female strains at 25 C. Thus, she-1 is similar in function to fog-2 in C. elegans [4] .
she-1 Acts Upstream of tra-2 to Regulate Germ Cell Fates To place she-1 in the sex-determination pathway, we examined double mutants (Table S2 ). In C. briggsae, most animals homozygous for the nonsense mutation tra-1(nm2) develop a male body but produce sperm and oocytes [9] . We observed the same phenotype in 28 of 30 tra-1(nm2); she-1(v35) XX animals. By contrast, XX animals homozygous for the nonsense mutation tra-2(nm1) develop imperfect male bodies and only produce sperm [9] , as did tra-2(nm1); she-1(v35) animals. Thus, she-1 acts upstream of tra-2 and tra-1 in the germline ( Figure 1E ), or perhaps in parallel to them. Because nm1 is recessive, tra-2/+ XX animals are hermaphrodites [9] . Because tra-2(nm1)/+; she-1(v35) XX animals are also hermaphrodites, tra-2 mutations are dominant suppressors of she-1. By contrast, tra-1(nm2) showed no dominant suppression. Thus, she-1 mutants are sensitive to changes in tra-2 activity.
Mutations in she-1 feminized the germlines of fem-2(nm27) and fem-3(nm63) deletion mutants (Table S2) . Because fem mutations do not affect XX hermaphrodites in C. briggsae [10] , this result does not position she-1 in the pathway. However, tra-2(nm1); she-1(v35) XX animals produced only sperm, but tra-2(nm1); she-1(v35) fem-3(nm63) XX animals produced both sperm and oocytes (Table S2) , just like tra-2(nm1); fem-3(nm63) animals [10] . Thus, she-1 might act upstream of fem-3. Taking all of these results together, the simplest model is that she-1 promotes hermaphrodite spermatogenesis by lowering tra-2 activity. If so, then in she-1 mutants, high levels of tra-2 activity block spermatogenesis.
Identification of she-1 by Single-Nucleotide Polymorphism Mapping The completion of the C. briggsae genome [11] , the identification of single-nucleotide polymorphisms (SNPs) in this species, and the use of these SNPs to create a genetic map [12] helped us identify she-1 by positional cloning. Three-factor crosses showed that she-1 was located on LGIV, between cby-7 and mip-10 ( Figure 2A ; Table S3 ). SNP mapping identified a region of 100 kb on supercontig fpc2501 ( Figure 2B) *Correspondence: ron.ellis@umdnj.edu that was predicted to contain 19 genes ( Figure 2C ). RNA interference (RNAi) indicated that one of these genes was probably she-1-wild-type hermaphrodites injected with 1 mg/ml double-stranded RNA from CBG11663 produced 95% female progeny ( Figure 2C ; Table S1 ). Finally, sequencing of the breakpoints revealed that this gene is deleted by vDf2, a 14.6 kb deletion ( Figure 2C ).
We used transformation rescue to confirm our identification of she-1. After injecting she-1(v35) hermaphrodites with a plasmid containing wild-type CBG11663 and a marker expressing sur-5::GFP, some F1 progeny that expressed GFP were able to self-fertilize at 25 C for several generations. They did not generate stable lines, so we suspect that the rescuing extrachromosomal array was silenced in the germline of C. briggsae, as occurs in C. elegans [13] .
Via reverse transcriptase-polymerase chain reaction (RT-PCR) and rapid amplification of cDNA ends (RACE), we found that CBG11663 is actually two separate genes, which we call CBG11663A and CBG11663B ( Figure 2D ). However, only CBG11663B(RNAi) created XX females (Table S4) . Furthermore, all of our mutants had lesions in CBG11663B, confirming that this gene alone is she-1 (see below).
Previous studies of sex determination in C. briggsae relied on our understanding of the C. elegans pathway and reverse genetic techniques, so that antisense RNA [14] , RNAi [7, [15] [16] [17] , or deletions [10] could be used to inactivate known genes. These results showed that the same core pathway functions in both species (reviewed in [18, 19] The branch involving the FEM proteins uses thinner lines to indicate that XX animals are relatively insensitive to mutations in these genes [10] . For discussion, see [19] . FEM-3 also promotes hermaphrodite spermatogenesis directly, either by acting on the fog genes or at a later point [50] .
demonstration that new sex-determination genes can be identified in C. briggsae by forward genetic screens and cloned by positional mapping. Furthermore, we were able to apply all of the standards of evidence developed for cloning in model organisms like C. elegans.
she-1 Is Expressed in the Germline
Northern blots showed that hermaphrodites produce a single she-1 transcript of 1.3 kb (Figure S2A) . Surprisingly, expression was high in adults, even though she-1 is only needed for spermatogenesis, which occurs in larvae. We used semiquantitative RT-PCR to analyze glp-1(RNAi) L4 larvae, which lack germ cells. These animals did not express fog-1 (data not shown), fog-3, or she-1 ( Figure S2B ), so she-1 expression requires the germline. Finally, she-1 mutants did not express fog-3, which confirmed that she-1 acts upstream of fog-3 to control germ cell fates ( Figure 1E ).
she-1 Encodes a Novel F Box Protein SHE-1 has an F box domain near the amino (N) terminus and a novel domain at the carboxyl (C) terminus ( Figure 3A ). Two alleles are molecular nulls: v49 (C 184 /T) creates an early stop codon, and vDf2 deletes much of she-1 as well as adjacent genes. Two alleles suggest that the F box is essential for activity: v35 (C 145 /T) causes an arginine-to-tryptophan substitution in a conserved residue of the F box, and v51 (G 332 /A) changes a glycine to glutamic acid near the F box. Finally, v83 (C 733 /T) creates a stop codon near the carboxyl end of she-1, which implies that this domain is needed for activity, and v53 is a G-to-A transition in the 5 0 splice site of intron 2.
SHE-1 Can Bind SKR-1, a Member of the SCF Ubiquitin Ligase Complex
Many F box proteins are adaptors, which bring target proteins to the Skp1-Cullin-F box (SCF) ubiquitin ligase complex so that they can be marked for degradation [20] . Typically, the amino terminus contains an F box that binds SKR-1 or a related member of the complex, and the carboxyl terminus binds the target. In the yeast two-hybrid system, full-length SHE-1 interacted with SKR-1 ( Figure 3B ), and this interaction required the F box, because it did not occur if the amino-terminus of SHE-1 was deleted or if it contained the v35 or v51 missense mutations ( Figures 3A and 3B ).
SHE-1 Does Not Interact with GLD-1 in the Yeast TwoHybrid System
In C. elegans, GLD-1 binds the carboxyl terminus of FOG-2 and is essential for its function [6] . However, SHE-1 lacks sequences homologous to the GLD-1-binding domain of FOG-2; indeed, its carboxyl terminus is no more similar to this domain than a random protein sequence is ( Figure 3C) . Furthermore, SHE-1 did not bind any of three C. briggsae GLD-1 constructs in yeast ( Figure 3B ). These results are not surprising, given that the GLD-1-binding domain of FOG-2 was created by a recent frameshift in C. elegans [7] . Thus, SHE-1 is likely to interact with a novel target.
she-1 Was Created by a Recent Gene Duplication BLAST searches identified six C. briggsae F box genes closely related to she-1 (circled in Figure 4A ). By contrast, only Table S4 is shown in gray.
F48C1.2 in C. elegans is closely related; it is essential [21] and appears to have an ortholog in both C. briggsae and C. remanei ( Figure 4A ) [22] . The relationship of these she-1 family members is apparent even in a tree based only on F box sequences, which allows comparisons with FOG-2 and other distantly related F box family members, but the she-1 group is even clearer when entire protein sequences are compared. Three observations support the conjecture that she-1 family members have been created by gene duplications in C. briggsae. First, a maximum-likelihood tree based on the F box coding regions shows that these genes cluster with each other and descend from a common ancestor ( Figure 4A ). Second, four she-1 family members are located near each other on LGIV, as one might expect if they had been formed by recent duplication events ( Figure 2C ). Third, some she-1 family members appear to be pseudogenes ( Figure 4A ), which fits with a rapid birth/death cycle for this family. Finally, only she-1 and CBG11659a have a detectable function (Table S4) . Because CBG11659a appears to be a pseudogene, the weak CBG11659a(RNAi) phenotype might be due to cross-inactivation of she-1 transcripts.
The she-1 Gene Is Selectively Neutral in Dense Populations All she-1 mutations are temperature sensitive, including null alleles. However, lowering she-1 activity causes many XX animals to develop as females, even at 15 C (Table S1 ). Furthermore, even she-1 mutants that become hermaphrodites at 15 C produce fewer sperm than the wild-type, resulting in small broods (Table S1 ). Thus, she-1 mutants should be at a disadvantage in conditions that favor hermaphroditic reproduction, such as a low frequency of males. In C. elegans, fog-2 mutants are also outcompeted by the wild-type when males are abundant [23, 24] , which suggested that hermaphrodites might have a general reproductive advantage over females. However, C. elegans males mate poorly, so this result might not have been due to an inherent advantage for hermaphroditism. Thus, we carried out a competition between wild-type C. briggsae and she-1 mutants at 20 C, with males present in the initial population. The she-1 allele stayed at a relatively constant frequency for at least 20 generations ( Figure S3 ). Thus, in dense populations, the she-1 gene appears selectively neutral. Because male sperm outcompete hermaphrodite sperm in nematodes [25, 26] , these results imply that C. briggsae males are virile enough to mate with almost all hermaphrodites and females in dense populations. Of course, a she-1(+) allele should be strongly favored when XX animals are unlikely to encounter males. 
SHE-1 Might Have Evolved under Recent Positive Selection
To investigate the selective forces that created she-1, we prepared an alignment of coding sequences from she-1, CBG11662, and CBG11663A and compared the rate of nonsynonymous substitutions (K a ) with the average rate of synonymous substitutions (K s ) via the sliding window technique ( Figure 4B ). Purifying selection is acting on the F box, which has the lowest K a /K s ratio. This result fits with the requirement for F box function (Figure 3) , so selection has probably maintained the interaction between SHE-1 and the ubiquitin ligase complex. In the center of the protein, the K a /K s ratio for the comparison between she-1 and CBG11662 exceeds 1 ( Figure 4B ), consistent with models in which positive selection has acted on this domain. Furthermore, the K a /K s ratio also exceeds 1 when local values of K s are used, showing that this result is not an artifact of high mutation rates in this region. Although the magnitude of this effect is small, it is not seen in a control comparison between CBG11662 and CBG11663A ( Figure 4B ). Finally, we used phylogenetic analysis by maximum likelihood (PAML) to compare two models, one in which the ratio of K a /K s follows a beta distribution throughout the protein (model M7 in [27] ) and a second in which some codons are under positive selection while the rest follow a beta distribution (model M8 in [27] ). This test is effective at detecting positive selection while avoiding false positives [28] . It yielded a value of 6.6, with two degrees of freedom, indicating a 96% chance that positive selection has been at work.
The tra-2 Gene Is a Nexus for Control of the Sex-Determination Pathway Although they have different molecular functions, she-1 shares two genetic traits with fog-2: both genes act upstream of tra-2 by epistasis, and both genes are sensitive to changes in tra-2 dosage. Why do two systems of hermaphroditic reproduction that evolved independently use novel regulatory genes that target tra-2? Two factors could be critical.
First, these nematodes are very sensitive to changes in tra-2 activity (reviewed in [29, 30] ). In particular, TRA-2 can bind FEM-3 in both species [16, 31] , and the relative activity of these proteins determines whether germ cells become spermatocytes or oocytes. Moreover, other proteins compete to maintain TRA-2 activity at physiological levels. For example, HER-1 binds to the TRA-2 receptor and represses its activity. In addition, the calpain protease TRA-3 is a positive cofactor of TRA-2 in both species [9, 32, 33] . And in C. elegans, FOG-2 and GLD-1 block the translation of tra-2 mRNA [5, 6] , and RPN-10 regulates the levels of TRA-2 protein [34] .
Second, the sex-determination pathway branches at TRA-2, making it an effective point to control both arms ( Figure 1E ). In one branch, TRA-2 interacts with FEM-3 to regulate the stability of TRA-1 (reviewed in [29] ). This interaction plays a smaller role in C. briggsae than in C. elegans, because Cb-fem mutants still produce sperm [10] . In the other branch, TRA-2 directly binds TRA-1 to regulate germ cell fates [35, 36] . Thus, changes in TRA-2 activity should propagate down both halves of the pathway, making it an ideal target for regulatory changes. The coding sequences of she-1, CBG11662, and CBG11663 were aligned and the gaps were removed. DnaSP was used to calculate the average synonymous substitution rate K s for the entire gene and the nonsynonymous substitution rate K a for a sliding set of 100 base windows, centered every 50 bases.
Other Genes Act as Hot Spots for Evolutionary Change
This pattern of evolution is not unique. Related populations of the cavefish Astyanax have acquired albinism as part of their adaptation to the dark. In some populations, these changes involved independent mutations in the Oca2 gene, which encodes a transporter for tyrosine [37] . Why this gene is a hot spot for evolutionary change is unknown (reviewed in [38] ). Similarly, mutations in the yellow gene have been responsible for the independent acquisition or loss of wing spots in the males of several Drosophila species [39] . Because this gene is pleiotropic, the observed changes in cis-regulatory regions might be favored over other types of changes. The major difference between these examples and nematodes is that the changes affecting tra-2 occurred not in the gene itself but in other genes that appear to control its activity.
To date, most examples of developmental biases have involved either morphology or a pattern of development that constrains the types of variation available for selection (reviewed in [40, 41] ). If we are correct, the position of tra-2 in the sex-determination pathway created a bias favoring mutations that alter its activity rather than that of other sex-determination genes. Perhaps the architecture of regulatory pathways plays a role in other developmental biases as well.
Independent Recruitment of F Box Genes to the SexDetermination Pathway
It is striking that both C. elegans and C. briggsae recruited F box genes to regulate hermaphroditic development. The F box superfamily is one of the largest in nematodes [11, 22] , with each species having several hundred members. Some of these genes have been stable during evolution, but others are the products of a rapid cycle of births and deaths involving many duplications [22] .
In C. elegans, fog-2 evolved through a series of duplications in the F box A subfamily [7] . Thus, the closest relatives of fog-2 are other C. elegans genes, located near it on LGV. To create XX hermaphrodites, FOG-2 binds GLD-1 to regulate the translation of tra-2 mRNAs [5, 6, 42] , and its GLD-1-binding site appears to have been created by a unique frameshift mutation [7] . Thus, the available evidence indicates that FOG-2 acquired its current function recently.
Although SHE-1 is also a member of the F box A subfamily, it is not similar to FOG-2 outside of the F box domain and evolved from a different founding gene ( Figure 4A ). Furthermore, SHE-1 does not bind GLD-1 in the yeast two-hybrid assay, although it did interact with a member of the ubiquitin-targeting system (Figure 3) . Finally, C. briggsae GLD-1 is needed for hermaphrodites to produce oocytes [7] , whereas C. elegans GLD-1 is needed for them to produce sperm. Thus, SHE-1 must promote hermaphrodite development in a novel way.
Why have F box genes been independently recruited to this pathway? First, the control of protein stability plays a major role in nematode sex determination [43] . SEL-10 is an F box protein that regulates the ubiquitinylation of FEM-1 and FEM-3 [44] ; it interacts with SKR-1, a component of the E3 ubiquitin ligase complex [45] . Furthermore, the three FEM proteins work with CUL-2 to regulate the stability of the transcription factor TRA-1 [46] . Finally, the proteasomal ubiquitin receptor RPN-10 regulates TRA-2 accumulation [34] . Although it seems unlikely that FOG-2 regulates protein stability, perhaps SHE-1 was recruited to the pathway to regulate the stability of some target. Second, the F box family is one of the largest gene families in nematodes [22] . The rapid cycle of duplication and loss in this family, combined with its enormous size, might increase the probability that a new duplicate would acquire the ability to interact with a sex-determination protein. By contrast, smaller, more conserved gene families should have a lower chance of creating a duplicate with an appropriate regulatory function.
This situation differs from parallel gene duplication. For example, Zhang identified independent cases of the duplication and divergence of the RNASE1 gene in monkeys, leading each time to the production of a new gene expressed in the pancreas and adapted to the digestion of bacterial RNA in the gut [47, 48] . By contrast, she-1 and fog-2 were created by duplication and divergence from different founding members of the F box family. Although they converged on similar biological functions, these functions depend on distinct molecular activities.
The Ancestors of C. briggsae Might Have Been Facultative Hermaphrodites One of the most surprising features of she-1 is that all mutations show incomplete penetrance (Table S1 ). Although XX mutants are female at 25 C, which represents the upper end of the viable temperature range for C. briggsae, some animals are self-fertile hermaphrodites at lower temperatures. These she-1 mutants include vDf2, which deletes the 5 0 half of the gene, and v49, which creates an early stop codon, so we believe that this is the null phenotype. These data indicate that additional genes might promote hermaphroditic development in C. briggsae.
Furthermore, this result raises the possibility that animals lacking she-1 might once have been facultative hermaphrodites, reproducing as XX females in some environmental conditions and as XX hermaphrodites in others. Although such an arrangement has not been observed in other nematodes, we have much to learn about their ecology and population genetics, and it could have provided an adaptive stage that allowed the transition to a fully androdioecious system.
A Model for the Stepwise Evolution of Self-Fertile Hermaphrodites How did self-fertile hermaphrodites evolve? The first step probably involved independent mutations in the sex-determination pathway and in sperm activation genes, which created XX animals that could produce self-progeny [49] . Because these animals might only produce small broods by self-fertilization, their major advantage would have been the ability to colonize new environments, and most individuals in dense populations might have reproduced by mating with males. We do not know whether these changes in the sex-determination pathway created a regulator whose activity oscillates to turn spermatogenesis on and then off in XX animals [50] , or whether the nematode pathway inherently drifts from more masculine levels early in development to more feminine ones during adulthood, and a mutation raised the activities of male genes above the threshold needed for a short burst of XX sperm production.
Next, the population had to pass through a period of inbreeding depression to eliminate harmful recessive mutations. This step might have been attempted on many occasions as rare hermaphrodites tried to colonize new environments, and eventually a few self-fertilizing lines successfully purged deleterious mutations. Once that had occurred, selection would have been free to favor stabilizing mutations that increased the efficiency of hermaphrodite reproduction by increasing the production of sperm. Recruitment of the she-1 gene probably occurred at this step and might have transformed facultative hermaphrodites into true hermaphrodites.
In C. elegans, hermaphrodites rapidly outcompete females in the laboratory [23, 24] . However, C. briggsae hermaphrodites and females seem able to coexist, perhaps because hermaphroditism is a more recent innovation in this species, so the males still mate efficiently. Thus, animals lacking she-1 could have coexisted with new she-1 hermaphrodites for some time prior to the environmental or genetic shift that eliminated females from wild populations. Because the she-1 phenotype hints at the stepwise acquisition of hermaphroditism, she-1 mutants provide the perfect tools to investigate this process by enhancer and suppressor screens.
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